Many of the motoric features that define Parkinson disease (PD) result primarily from the loss of the neuromelanin (NM)-containing dopamine (DA) neurons of the substantia nigra (SN), and to a lesser extent, other mostly catecholaminergic neurons, and are associated with cytoplasmic "Lewy body" inclusions in some of the surviving neurons. While there are uncommon instances of familial PD, and rare instances of known genetic causes, the etiology of the vast majority of PD cases remains unknown (i.e., idiopathic). Here we outline genetic and environmental findings related to PD epidemiology, suggestions that aberrant protein degradation may play a role in disease pathogenesis, and pathogenetic mechanisms including oxidative stress due to DA oxidation that could underlie the selectivity of neurodegeneration. We then outline potential approaches to neuroprotection for PD that are derived from current notions on disease pathogenesis.
CLINICAL, PATHOLOGICAL, AND BIOCHEMICAL OVERVIEW OF PD
The term parkinsonism refers to a clinical syndrome comprising combinations of motor problems: bradykinesia (slowness and decreased amplitude of movement), tremor-at-rest, muscle rigidity, loss of postural reflexes, flexed posture, and the freezing phenomenon (where the feet are transiently "glued" to the ground). Not all six of these cardinal features need be present, but at least two should be before the diagnosis of parkinsonism is made, with at least one of them being tremor-at-rest or bradykinesia. Parkinson disease (PD) is the major cause of parkinsonism, and can also be referred to as primary parkinsonism, in contrast to the other three parkinsonian designations, 1 namely 1) secondary, such as drug-induced parkinsonism and postencephalitic parkinsonism, 2) Parkinson-plus syndromes (presence of parkinsonism plus other neurological features), such as the diseases known as progressive supranuclear palsy and multiplesystem atrophy, and 3) heredodegenerative disorders in which parkinsonism is only one feature of a hereditary degenerative disorder, such as juvenile Huntington disease and Wilson disease. Three of the most helpful clues that indicate one is likely to be dealing with PD rather than another category of parkinsonism 2 are 1) an asymmetrical onset of symptoms (PD often begins on one side of the body), 2) the presence of rest tremor (although rest tremor may be absent in patients with PD, it is almost always absent in Parkinson-plus syndromes), and 3) substantial clinical response to adequate levodopa therapy (usually, Parkinson-plus syndromes do not respond to levodopa therapy). PD is a slowly progressive parkinsonian syndrome that begins insidiously, gradually worsens in severity, and, as described above, usually affects one side of the body before spreading to involve the other side. Rest tremor, because it is so obvious, is often the first symptom recognized by the patient. But the illness sometimes begins with bradykinesia, and in some patients, tremor may never develop. There is a steady worsening of symptoms over time, which, if untreated, leads to disability with severe immobility and falling. The early symptoms and signs of PD-rest tremor, bradykinesia, and rigidity-are usually correctable by treatment with levodopa and dopamine (DA) agonists. As PD progresses over time, symptoms that do not respond to levodopa develop, such as flexed posture, the freezing phenomenon, and loss of postural reflexes; these are often referred to as non-DA-related features of PD. Moreover, bradykinesia that responded to levodopa in the early stage of PD increases as the disease worsens and no longer fully responds to levodopa. It is particularly these intractable motoric symptoms that lead to the disability of increasing immobility and balance difficulties.
While the motor symptoms of PD dominate the clinical picture, and even define the parkinsonian syndrome, many patients with PD have other complaints that have been classified as nonmotor. These include fatigue, depression, anxiety, sleep disturbances, constipation, bladder and other autonomic disturbances (sexual, gastrointestinal), sensory complaints, decreased motivation and apathy, slowness in thinking (bradyphrenia), and a declining cognition that can progress to dementia.
PD and the Parkinson-plus syndromes have in common a degeneration of substantia nigra (SN) pars compacta dopaminergic neurons, with a resulting deficiency of striatal DA concentration due to loss of the nigrostriatal neurons. Accompanying this neuronal loss is an increase in glial cells in the SN and a loss of neuromelanin (NM), the pigment normally contained in SN dopaminergic neurons. In PD, intracytoplasmic eosinophilic inclusions called Lewy bodies are usually present in many of the surviving neurons. With the progressive loss of the nigrostriatal dopaminergic neurons, there is a corresponding decrease of DA content in both the SN and the striatum. The progressive loss of the dopaminergic nigrostriatal pathway can be detected during life using PET and SPECT scanning; these show a continuing reduction of fluoro-DOPA (FDOPA) and DA transporter ligand-binding in the striatum and also an altered secondary effect on cortical metabolism. [3] [4] [5] [6] [7] WHAT IS THE ROOT CAUSE OF PD? GENES VS. ENVIRONMENT
Correlation with age
While PD is the most common neurodegenerative disorder after Alzheimer disease, its true presence in the population is difficult to ascertain. Age, nevertheless, is clearly the greatest factor in PD expression. A study of the northern Manhattan population indicates a prevalence (fraction of individuals that express the disease) of 0.1% of the total population. 8 A European study of nearly 15,000 participants aged 65 and older 9 reports that the prevalence of parkinsonism for 65-to 89-year-olds increased steadily from 0.6% to 3.5%, (FIG. 1) . In contrast, Alzheimer disease has a prevalence of 25% to 30% in patients aged 85 to 89 years. The correlation of PD and aging is even more striking from studies of disease incidence (the number of new cases per year) (FIG. 2) . 10 A meta-analysis of 25 incidence studies estimated an overall population incidence of 16-19 per 100,000 per year, 11 while a study of 4,500 randomly chosen Italians between 65 and 84 years of age estimated an incidence of 530 per 100,000 per year for parkinsonism and 326 per 100,000 per year for PD. 12 The authors of the Italian study calculated that the risk for developing PD (the likelihood that an individual will develop the disease) was 1.1% per each subsequent year of age.
Even a clear correlation with aging and disease expression, however, is controversial, and it has been suggested that by some advanced age there is relatively little cumulative increase in PD. 13 This issue is important, because ongoing loss of NM-containing SN neurons occurs in healthy people, 14 and there is a notion that PD is a disease of "accelerated aging" that all people would develop given sufficiently long lives. 14 -17 While by far the majority of PD cases are sporadic or idiopathic, meaning that the cause is unknown, and while aging provides the strongest known correlation, there are identifiable causes for a small fraction of cases that would seem to argue against a simple model of accelerated aging. Moreover, the pattern of neuronal loss in the SN in patients with PD and in the normal aging population differs, 18 again indicating that accelerated aging alone is not responsible for causing PD.
Chemically induced parkinsonism and environmental factors
The event that renewed the impetus suggesting that environmental factors may contribute to the etiology of PD was the recognition of a clearly induced state of acute parkinsonism by accidental poisoning from MPTP (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine), an impurity that was a byproduct in batches of illicitly produced "synthetic heroin" MPPP (1-methyl-4-phenyl-4-propionoxypiperidine; also known as PPMP in Davis et al. 21 ). Save the absence of an additional methyl group on the 4-phenyl-piperidine ring, MPPP is identical to the narcotic alphaprodine (1,3-dimethyl-4-phenyl-4-propionoxypiperidine; also known as Nisentil), which is 26-fold more potent in rats than its better known isomer, Demerol (meperidine; pethidine; 1-methyl-4-phenyl-4-piperidinecarboxylic acid ethyl ester). As a potent narcotic that can be produced from easily available ingredients, MPPP has been a popular drug for synthesis by clandestine laboratories. Two methods of manufacture were published, 19, 20 and both reported MPTP formation from compound II as shown in FIG. 3 ; Zeiring et al. 19 state that MPTP has distinct morphine-like properties. Ironically, MPTP was briefly examined clinically in the 1950s as a potential treatment for PD and depression 21 but was rapidly discounted due to toxicity in animal studies.
An initial clue to the presence of a parkinsonisminducing agent produced during MPPP synthesis was in a case report of a 23-year-old graduate student who used the Zeiring method and took the compound himself. 21 The patient apparently reduced the reaction times and used higher reaction temperatures for MPPP synthesis and neglected to isolate and crystallize the compound properly. The authors of this initial report suggested that the toxic compound could have been MPTP. This patient died 2 years later from an apparent cocaine and codeine overdose, and neuropathological changes were characterized by loss of SN DA neurons, a Lewy body, and extracellular NM as well as NM within microglia. The authors imitated the patient's attempts at synthesis and
FIG. 3. MPTP (IV)
is a byproduct sometimes formed in the illicit synthesis of MPPP (III), a narcotic that differs by a single methyl group from alphaprodine (1,3-dimethyl-4-phenyl-4-propionoxypiperidine; Nisentil). Compound I (3,6-dimethyl-6-phenyltetrahydro-1,3-oxazine), which can be produced from easily available ingredients, is treated with sulfuric or hydrochloric acid to produce II (1-methyl-4-phenyl-4-propionoxypiperidine; also called HPMP in Davis et al. 21 ). Compound II, when treated with propionic anhydride and sulfuric acid is converted to III (1-methyl-4-phenyl-4-propionoxypiperidine; MPPP; PPMP in Davis et al. 21 ). Under excess acidity, 20 in the presence of "wet" propionic anhydride, 22 or in the presence of dehydrating reagents, 19 II can be converted to IV, (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine; MPTP; HPMP in Davis et al. 21 ). Compound I can also be directly converted to MPTP in excess acid. 20 Following entry into cells, monoamine oxidase (particularly MAO B, which is more highly expressed in astrocytes than DA neurons) in mitochondria converts MPTP (via conversion to 1-methyl-4-phenyl-2,3, dihydropyridinium; MPFPϩ, not shown) to V, MPPϩ (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridinium), 156 which is accumulated by catecholamine uptake transporters selectively into DA and other catecholamine neurons.
found that treating compound I (FIG. 3) with propionic anhydride and sulfuric acid resulted in both MPPP (which they called PPMP) and MPTP (which they called DPMP), and suggested that these compounds were the cause of the disease. Another young addict was diagnosed with parkinsonism in Vancouver after attempting to make MPPP using the Schmidle method 20 with "wet" propionic anhydride, 22 and a laboratory chemist who synthesized and handled this lipophilic toxin was similarly diagnosed. 23 In 1982, several opiate addicts in San Jose and Watsonville, California developed PD symptoms within days of drug administration, and the identification of the pathogen as MPTP 24 is the subject of an interesting detectivestyle popular science book. 25 The identification of MPTP as the culprit was confirmed using primates. 26 Some of the California patients showed remarkable improvement a decade later from striatal transplants of SN fetal tissue. 27 In addition to MPTP toxicity, there are also numerous reports suggesting roles for other compounds in the induction of parkinsonism; the best documented is manganese. 28 -30 Manganese toxicity also produces dystonia and was observed in manganese miners and ore-crushing workers. Toxicity from MPTP is much more specific, affecting selectively the DA neurons, than that from manganese, which affects other basal ganglia neurons. Although these and other chemical poisons, e.g., carbon monoxide, can induce parkinsonism, these conditions are classified as secondary parkinsonism, not primary or PD.
Rural living and pesticide and herbicide exposure have also been suggested from epidemiological studies to play a role in inducing PD. 31 Strikingly, the animal model for PD which may best represent aspects of PD, including apparent Lewy bodies, uses exposure to the pesticide rotenone, an inhibitor of complex I in the mitochondrial oxidative phosphorylation pathway. 32 This is one of the same targets that MPTP affects via its metabolite, MPP ϩ . While the search continues for environmental factors that can be associated with PD, epidemiological studies have shown that cigarette smoking and coffee drinking are inversely associated with PD.
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Familial PD and the PARK genes
The great majority of cases of primary parkinsonism are sporadic, but a positive family history is seen in over 10% of cases. Nevertheless, a genetic basis for PD had long been controversial. Twin studies measuring concordance rates in monozygotic and dizygotic twins indicate that genetics plays a greater role in younger onset patients than in patients with onset greater than age 50 years. 34 In the last few years several gene mutations have been discovered by painstaking linkage and genome analysis to cause PD in a small number of families. Ten monogenic forms of PD, labeled PARK 1-10, have been identified (Table 1) , with genes identified in five. They present either as autosomal dominants or autosomal recessives. The former are found in rare families. The autosomal recessives, particularly PARK2, are much more common, though still infrequent.
PARK1, the alpha-synuclein gene, was identified in 13 families. All but one carry a Ala53Thr substitution 35 with the exception being a German family that carries an Ala30Pro substitution. 36 These families show response to levodopa treatment and the clinical and neuropathological signs of PD. Indeed, the alpha-synuclein protein is a major constituent of Lewy bodies in both sporadic PD and PARK1 patients. 37 Perhaps more surprising was that a truncated fragment known as the NAC fragment (for non-amyloid-component) is a major ingredient in Alzheimer plaques. 38 Multiple proteins capable of binding alpha-synuclein have been identified, and at least one, known as synphilin, appears to also be localized in Lewy bodies. 39 Consistent with aggregation into inclusions, alpha-synuclein, like ␤-amyloid, is prone to selfaggregation, although aggregation can be accelerated by transition metals, DA and likely some peptides and lipids, as well as a variety of sequence alterations. 40 -44 The normal biological roles for alpha-synuclein remain elusive, although it was described early on as a protein up-regulated during songbird learning periods. 45 The name synuclein was chosen to describe its dual immunolabel sites in the nucleus and synapses. 46 Presently, most researchers believe that this protein is natively unfolded but by virtue of containing an A2 alpha helix domain, can associate with vesicle membranes. 45 A potential role for binding to synaptic vesicles is suggested by an enhanced synaptic recovery for evoked DA release in the knockout mouse 47 and alterations in the distal synaptic vesicle pool in mutants. 48, 49 There are also suggestions that alpha-synuclein may regulate intracellular DA pools via effects on tyrosine hydroxylase or expression of the DA uptake transporter. 50, 51 The normal function of alpha-synuclein, however, may have little or nothing to do with its role in pathogenesis. Its ability to self-aggregate, its presence in Lewy bodies, the apparent ability of pathogenic mutations or nitrated or DA-reacted proteins to be more prone to aggregation, the ability of protofibrils forms to disrupt membrane, and the recent identification of PARK4 as a triplication of the chromosomal region that contains the alpha-synuclein gene, 52 all seem to point to a toxic function of alphasynuclein itself. This notion is also supported by the finding that mice lines that lack alpha-synuclein expression are resistant to MPTP toxicity, although neuronal and synaptic vesicle uptake appears unaltered. 53 Expression of mutant alpha-synuclein also causes an apparent increase in cytosolic DA levels, suggesting a link between genetic and oxidative stress pathways. 54 Thus, it may be that the disease stems from inappropriate or dysregulated degradation of this protein.
It has been suggested that parkin is required for alpha-synuclein degradation, 55 but the normal degradation pathway of the protein is unclear and evidence exists for both proteasome and lysosomal ("autophagic") pathways 43, 56 ; it is possible that either can occur depending upon conditions. It is also not yet clear precisely why the pathogenic mutations might be less susceptible to degradation, and if this may also occur with modified alphasynuclein, such as the protofibril, nitrated, or DA-adduct forms, that may occur in idiopathic PD.
PARK2, the parkin gene, is inherited as an autosomal recessive trait, and differs from idiopathic PD in that it can have a juvenile onset and lack of Lewy bodies, although there is a progressive loss of SN neurons. Originally identified in Japan as a juvenile-onset PD without Lewy bodies, 57 parkin mutations have now been identified pan-ethnically and are thought to be the cause of approximately 50% of familial young-onset PD and 15% to 20% of sporadic young-onset PD (Ͻ50 years). Over 70 mutations, including exon rearrangements, point mutations, and deletions, have been identified, many of them recurrent in different populations. The identification of parkin mutations is inversely correlated with age of onset, with the earliest age of onset having the greatest association. However, PARK2 does not appear to be restricted to young-onset PD, and parkin mutations have been identified in individuals over 50. 58 Recent findings suggest that juvenile parkin-related PD is associated with mutations in both parkin alleles (homozygotes or compound heterozygotes). Some compound heterozygotes have now been recognized as having adult-onset PD with Lewy bodies. 59 A single parkin mutation (heterozygote) may be re- 60 This is a crucial finding in the search for the cause of idiopathic PD, and it is clear that of all the loci and genes discovered to date, parkin plays an important role. The frequency and penetrance of parkin mutations have yet to be determined.
Parkin has been identified as an ubiquitin E3 ligase 61, 62 that attaches short ubiquitin peptide chains to proteins, presumably involved in targeting these proteins for the ubiquitin/proteasome pathway of protein degradation. The mutations lead to loss of ubiquitinating function. A range of recent papers indicates protective functions of parkin expression due to the ubiquitination of various substrates. 55, 62, 63 The implied role in formation of Lewy bodies by parkin as well as by PARK8 (juvenile patients with homozygous PARK2 mutations and heterozygous PARK8 patients lack Lewy bodies) remains unexplained.
PARK4, as mentioned above, appears due to duplications and/or triplications of regions on chromosome 4 that contain the gene for alpha-synuclein in addition, in the first reported case, to 17 other putative genes. 52 It thus seems that overexpression of alpha-synuclein protein may produce PD, although this has yet to be demonstrated. The authors of the initial report suggest that the disease process may be analogous to the etiology of Alzheimer disease in Down syndrome, which is triggered by overexpression of the amyloid precursor protein due to chromosome 21 trisomy.
PARK5, ubiquitin-carboxy-terminal-hydrolase L1 (UCHL1) is an autosomal dominant mutation found in a single family. 64 Mice with partial gene deletions display neurodegeneration of sensory and motor neurons and accumulate ubiquitin and proteasome-labeled inclusion bodies.
PARK7, the DJ-1 gene, is another early-onset autosomal recessive mutation independently confirmed in a Dutch family and families in Italy and Uruguay. 65 PARK7 is characterized by slow progression and a good response to levodopa. The DJ-1 protein is involved in sumoylation (SUMO, small ubiquitin-like modifier), a pathway similar to ubiquitination involved in targeting proteins for degradation as well as nuclear transport, transcriptional regulation, and apoptosis. 66 DJ-1 appears to act on mRNA expression by interacting with PIASx alpha, an E3 ubiquitin-like enzyme reminiscent of parkin that adds SUMO-1 to target proteins. 67 The L166P mutation of DJ-1 causes mislocalization to mitochondria in vitro. 65 Paraquat induces an acidic isoform of DJ-1, perhaps indicating a relationship between energy dysfunction and genetic mechanisms of PD pathogenesis. 68 There are likely additional multiple alleles that have yet escaped detection that at least predispose humans to PD. Together, the identification of these mutant genes and proteins is contributing more to understanding PD than might be expected from their low fraction of representation in the disease. One of the most striking points is that parkin, UCHL1, and DJ-1 may all be related to ubiquitin/proteasomal protein degradation. Overall, these pathogenic mutations have promulgated the idea that the ultimate cause of PD is either a failure of the ubiquitination/protein degradation machinery or dangerous protein aggregates. A critique of these hypotheses, however, is that neither idea in itself explains the neuronal specificity of the disease. They also stand in apparent contrast to the MPTP model, which suggests an ultimate role for energy loss. While the identification of the mutants would seem to favor "the gene vs. the environment" as the cause of the disease, the MPTP story needs to be kept in mind, as well as the low penetrance of some of the mutations and less than complete concordance in monozygotic disease.
WHY IS PD SO SELECTIVE FOR SOME NEURONS?
Here we mention current hypotheses that may explain the initial selective toxic insult in PD. These include possible roles for protein aggregation, oxidative stress, and protein degradation. These pathways obviously exhibit elaborate reciprocal effects, and no one pathway need preclude another.
Protein aggregation
Areas showing neuronal loss in PD are the large NMcontaining SN neurons, the locus ceruleus, the dorsal motor nucleus of the vagus, basal nucleus of Meynert, and peripheral catecholaminergic neurons. In all areas, these are accompanied by the presence of Lewy bodies. The Lewy bodies are extraordinarily large intracytoplasmic inclusions, meaning that they lack a limiting membrane, and have apparent "halos" and cores (FIG. 4) . They are highly ubiquitinated and contain high levels of alpha-synuclein, particularly in the halo; many other proteins have been suggested to be present by immunolabel, including parkin and torsinA. It should be noted that these structures may be fairly "sticky" and some of these candidate proteins may later be disproved by physiochemical analysis methods. Despite their size, it is by no means clear if Lewy bodies are involved in PD pathogenesis or simply a consequence of it, or even a desperate protective attempt by the neuron. Such an aggregation of non-degraded cytosolic protein and subsequent translocation to the perinuclear centrosomal region is characterized as the "aggresome" hypothesis, 69 and such a role has already been implicated for both synuclein and parkin degradation. 70, 71 Because juvenile PD patients do not have Lewy bodies due to PARK2 mutations, it is unlikely that the Lewy body is the cause of neuronal degeneration in the SN.
An alternate theory is that before the formation of large aggregates, alpha-synuclein forms small oligomers known as protofibrils and fibrils. 72 Protofibrils form pores, at least in artificial membranes, that can collapse ion gradients. 72 Both MPTP and paraquat result in synuclein aggregation. Strikingly, DA-quinone can stabilize the protofibril form in vitro 41 ; if this enhancement of protofibrils also occurs in neurons, it may unify two major hypotheses of PD pathogenesis, a role for reactive DA with alpha-synuclein expression.
Dysregulation of neuronal DA pools and oxidative stress
Models using administration of MPTP to mice and primates or MPPϩ to neuronal cultures have shown that MPPϩ is specifically accumulated into DA neurons as a substrate for the DA uptake transporter (DAT), 73 while mice with deleted DAT are resistant to both MPTP 74 and methamphetamine neurotoxicity. 75 MPPϩ, once inside the neuron, depresses mitochondrial oxidative phosphorylation by inhibiting complex I. 76, 77 This would decrease ATP, which would be expected to produce many downstream consequences. One site susceptible for ATP loss that may be relatively particular to SN neurons is the ouabain-sensitive plasma membrane sodium/potassium exchanger, as these currents, which are responsible for maintaining normal resting potential, are exceptionally large in midbrain DA neurons 78 ; the ATP-dependent transporter is said to normally use 40% of the body's ATP, but the relative level may be even higher in the SN. Another possible site sensitive to ATP loss is the ATPdriven proton pump on synaptic vesicles; inhibition of this pump leads to redistribution of DA to the cytosol in a manner very similar to methamphetamine. 79 There are of course many other potential sites, including others within the mitochondria, such as aconitase, which is involved in iron and citric acid handling. Blockade of oxidative phosphorylation at any step would necessarily add to overall oxidative stress, as electrons would not be passed normally between the different substrates of this pathway. Perhaps most importantly, DA itself can block complex 1 activity, 80 although it may be that the depletion of ATP is more directly due to monoamine oxidase conversion of DA to its metabolite DOPAC, which engenders production of hydrogen peroxide. 81 MPTP, via a combination of these effects, induces a range of oxidative reactions, including nitration reactions via peroxynitrite, which has been found to react with alphasynuclein 82 and tyrosine hydroxylase. 83 While the 6-hydroxydopamine (6-OHDA) model, which is selectively neurotoxic for DA neurons, 84 suggests that the DA uptake transporter and oxyradical products derived from DA metabolism may initiate selective SN degeneration, the role for oxidized cytosolic DA initially came from work with methamphetamine toxicity. 85, 86 This drug redistributes DA from synaptic vesicles, where the trans- mitter is held in a reduced state at nearly molar concentrations, to the cytosol, which generally manifests low micromolar concentrations and is a comparatively oxidizing environment. 87 The resulting oxidized compound, DA-quinone, 88 -90 has been found to react with the DA uptake transporter, 91 and as above, synuclein, 41 and is likely involved in reactions with many other sites. It has been suggested that MPPϩ may similarly act to increase cytosolic DA, in addition to its effects on complex 1. 92 Native antioxidant supplements, including reduced glutathione, its precursor N-acetylcysteine, vitamin E, tetrahydrobiopterin (which is highly expressed in DA neurons as a cofactor for tyrosine hydroxylase), the enzyme superoxide dismutase, and the monoamine oxidase inhibitor selegiline (monoamine oxidase produces hydrogen peroxide) have all been neuroprotective in experimental PD models, 93 as are compounds such as S-methylthiocitrulline, 94 which inhibit nitric oxide synthesis and downstream peroxynitrite formation.
One obvious clue that even normal SN (and locus ceruleus) neurons undergo stress from reactive cytosolic DA (or norepinephrine) is the presence of NM, which is specifically expressed in these neurons. This pigment is composed of DA-quinone, DA-semiquinone, and the lipids and proteins (mostly via reaction with cysteine residues) to which these oxidizing agents have reacted. 95 NM avidly binds iron and a variety of other metals, which seems to explain the basis for high iron levels in the SN, and has been suggested to act as a pool for transition metals that could contribute to oxyradical formation by the Fenton reaction. 96 A particular component of NM may be DA-glutathione, as glutathione may provide a first line of defense against cytosolic DA-quinone. NM is located within macroautophagic granules, 97 which are normally organelles that are destined to translocate organelles and cytoplasm to lysosomes for degradation under conditions of cellular stress. 98 For both NM granules, and lipofuscin granules containing the aging pigment that is also present in NM granules, the fusion with lysosomes and breakdown is either slowed or halted so that the pigment builds up throughout human lifetime.
Another strong reason to suspect a role for cytosolic DA in PD is that neuroprotection is provided by expression of the synaptic vesicle catecholamine uptake transporter (vesicular monoamine transporter; VMAT2). Indeed, this transporter was originally identified in cell lines selected for resistance to MPPϩ toxicity. 99 Overexpression of the transporter increases DA accumulation in synaptic vesicles, 100 and so may also reduce the level of DA in the cytosol, although this has not yet been directly demonstrated. DA neurons that underexpress VMAT2 are more susceptible to methamphetamine 101, 102 and MPTP toxicity, 103 whereas overexpression blocks the biosynthesis of NM.
97
Protein degradation
As mentioned above, it is striking that UCHL-1 and parkin are both enzymes that act in the ubiquitin pathway, and DJ-1 participates in the regulation of a similar pathway that adds SUMO peptides to regulate degradation. It has therefore been suggested that PD may result directly from altered protein degradation. 104 Some more direct evidence for this notion is that parkin up-regulation is protective against some toxic interventions or mutant alpha-synuclein, whereas decreasing parkin activity results in accumulation of potentially toxic proteins. 61, 62, 105, 106 While attractive, this hypothesis would not by itself explain the selectivity of the disease for the SN, and it appears that additional factors are missing in this puzzle, such as the presence of cytosolic DA. There are at present only preliminary reports on the effects of these proteins on lysosomal protein degradation 43, 56, 107 and none on effects on lipid metabolism, although the relationship between different degradative pathways is complex, and an effect on one often leads to compensatory changes in others.
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SN neuronal death in comparison to the ventral tegmental area
A remarkable feature of PD is that while SN DA neurons, particularly in the ventral tier, undergo selective death, the neighboring DA neurons of the ventral tegmental area (VTA) are generally unaffected. The reason for this selective pattern of dopaminergic neuronal death remains unclear. In addition to not exhibiting NM, and thus apparently under less long-term oxidative stress from cytosolic DA, suggestions have been centered on differential expression of a variety of proteins. The calcium binding protein, calbindin, is more highly expressed in the VTA. 109 VMAT2 expression may also be somewhat higher 110 (Dwight German, personal communication). Rats, which are resistant to MPTP toxicity, appear to package DA in synaptic vesicles more efficiently than do mice, 111 which are susceptible to the toxin. SN neurons appear to have a preferential expression of GIRK2, 112 a potassium channel that is mutated in the weaver mouse, which exhibits specific SN and cerebellar degeneration. The growth factor GDNF plays a greater neuronal rescue role for VTA than SN DA neurons, although this has only been observed for early postnatal neurons. 113 Whatever the reason for the difference in susceptibility of these neighboring dopaminergic populations, it is likely an important clue for the pathway of PD pathogenesis.
FINAL DEATH PATHWAYS IN PD
Forms of cell death
Current dogma states that cell death processes can be divided into apoptotic pathways, which are "pro-grammed" forms of cell death that terminate in destruction of DNA chains, and "necrotic" death, which essentially means anything else that kills cells. While these pathways were elucidated to analyze mitotically active cells in cancer and other systems, the pull to apply them to neurodegeneration has been irresistible, in part because it would seem that specific steps in the pathways might be inhibited as a clinical therapy. Much effort has been spent to observe or claim an apoptotic mode of SN death in PD, although the rate of cell death, in which tens of thousands of neurons likely die over a period of decades, would be unobservable by DNA labeling or other approaches which would show ongoing processes that last only for hours. These comments notwithstanding, there is evidence that apoptotic pathways could occur, as PD patients may express up-regulation of proteins expressed in apoptotic pathways such as p53, CD95, and caspases. 114 It may be that apoptosis in PD is so far downstream from the ultimate neurotoxic insult that the cell would die in a necrotic pathway if denied the postmitotic equivalent of an apoptotic demise.
In contrast to PD itself, there is good evidence for apoptotic pathways in experimental PD models. MPTP activates poly(ADP-ribose) polymerase (PARP) and Bax, enzymes linked to apoptosis, and induces DNA modifications downstream from peroxynitrite synthesis, activation of caspase-3, and release of cytochrome C from mitochondria, while up-regulation of anti-apoptotic proteins blocks MPTP-mediated cell death.
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Inflammation and gliosis
An increase of astrocytes and microglia (also known as brain macrophages), known as gliosis, is found around the degenerating SN neurons in PD. It is striking that patients with MPTP-induced parkinsonism continue to show degeneration long after the toxin must have been cleared, and microglial activation could play a role in this ongoing cell death. While glial and microglial cells presumably provide protective functions, by, for example, supplying glial-derived neurotrophic factor (GDNF), interferons, and necrosis factor (TNF), there is a widespread opinion that the microglia in particular may participate in an ongoing cell death following the initial toxic insult. 116 These cells divide rapidly given an appropriate stress, and produce many potentially noxious compounds, including pro-inflammatory cytokines and prostaglandins, and reactive oxygen and nitrogen species. Activation of microglia may result from exposure to extraneuronal NM following an initial phase of cell death.
117 Surprisingly, a cyclooxygenase, Cox-2, which acts to produce prostaglandins that may trigger the inflammatory response, looks to be expressed by SN neurons rather than the surrounding glia, suggesting that the SN neuron itself could trigger gliosis.
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NEUROPROTECTIVE STRATEGIES AND CLINICAL TRIALS
Neuroprotection can be considered a form of therapy to slow the rate of progression of a neurodegenerative disease. Concepts of potential neuroprotective approaches for PD have developed over the last decade. Those that have developed into controlled clinical trials have focused on agents that reduce oxidative stress, combat excitotoxicity, provide trophic factors, enhance mitochondria function, counteract inflammation and inhibit apoptosis. So far, no trials to inhibit protein aggregation, to regulate cytosolic DA levels, or enhance the ubiquitinproteasome system have been undertaken, largely because of lack of reasonable agents to test.
Antioxidative trials. The first controlled clinical trial for the purpose of evaluating medications as neuroprotective agents was the Deprenyl and Tocopherol Antioxidative Therapy of Parkinsonism (DATATOP) study.
119 Deprenyl (selegiline) is an irreversible MAO-B inhibitor and was known to prevent the conversion of MPTP to MPPϩ, and thus protect animals from the toxicity of MPTP. As an MAO-B inhibitor, it would reduce the oxidative deamination of DA to DOPAC and hydrogen peroxide, and thus decrease the formation of oxyradicals from hydrogen peroxide. Selegiline was tested along with the antioxidant alpha-tocopherol (vitamin E), in a 2 ϫ 2 design. Patients were enrolled in the study early in the course of the illness, and did not require symptomatic therapy. They were placed on selegiline (5 mg b.i.d.), alpha-tocopherol (1,000 IU b.i.d.), the combination, or double placebo, with approximately 200 subjects in each of the four treatment arms. The primary endpoint was the need for dopaminergic therapy. The study showed that tocopherol had no effect in delaying parkinsonian disability, but selegiline delayed symptomatic treatment by 9 months (FIG. 5) . 120 It also reduced the rate of worsening of the Unified Parkinson Disease Rating Scale (UPDRS) by half ( Table 2 ). Other investigators conducted other studies testing selegiline, showing similar results. 121, 122 Because the DATATOP study found that selegiline has a mild symptomatic effect that is long lasting, one could explain its ability to delay progression of disability entirely on this symptomatic effect. Furthermore, selegiline's benefit in delaying the introduction of levodopa gradually diminishes over time 120 with the best results occurring in the first year of treatment. The odds ratio (the need for the introduction of levodopa for selegilinetreated patients divided by control patients) increased from 0.35 for the first 6 months, to 0.38 in the second 6 months, to 0.77 in the third 6 months, and to 0.86 after 18 months. Thus, uncertainty prevailed as to whether selegiline's ability to delay the need for symptomatic therapy was entirely due to its mild symptomatic effect or if there was any protective effect as well. Selegiline treatment also provided a statistically significantly decreased risk for developing freezing of gait. 123 Again, it cannot be discerned whether this benefit was because of selegiline's mild symptomatic benefit or of some unknown neuroprotective effect.
While the subjects in DATATOP were being followed in open-label evaluations, and eventually all received selegiline and levodopa, 368 of them agreed to be rerandomized to either selegiline or placebo, while remaining on levodopa (the BLIND-DATE Study). They were studied in a double-blind design for 21 months and evaluated for the progression of clinical PD. The subjects assigned to selegiline required a lower dosage of levodopa, had a slower rate of worsening of symptoms and signs of PD (Table 3 ) and had less freezing of gait than those assigned to placebo. 124 These results support the view that selegiline does provide some neuroprotective effect. The possibility that this benefit is derived from an anti-apoptotic effect rather than its antioxidative effect is discussed below.
Combating excitotoxicity
Glutamate is the major excitatory neurotransmitter in the CNS and can induce excitotoxicity. A slow excitotoxic process has been proposed by Beal 125 to be a possible mechanism of cell death in PD. Riluzole impairs glutamatergic neurotransmission by blocking voltage-dependent sodium channel currents. In experimental animal models of PD, riluzole was found to have neuroprotective effects. 126 -129 However, in controlled clinical trials in patients with early PD, riluzole was not found to be effective as a neuroprotective agent.
130,131
Providing trophic factors
Glial-derived neurotrophic factor (GDNF) promotes the survival of DA neurons, 113 DA neuron neurite outgrowth, and quantal size (the amount of DA released per synaptic vesicle exocytic event). 132 When injected into the midbrain of primates rendered parkinsonian by MPTP, there was improvement of the parkinsonian features. 133 Moreover, DA concentration in the SN was increased on the injected side and the nigral DA neurons were 20% larger with an increased fiber density. In a subsequent study, primates received infusions of GDNF into a lateral ventricle. 134 This approach also showed restoration of the nigrostriatal dopaminergic system and 123 Higher UPDRS represents more severe PD.
improved the motor function in the rhesus monkeys. The functional improvements were associated with pronounced up-regulation and regeneration of nigral DA neurons and their processes innervating the striatum. However, in a randomized, double-blind, placebo-controlled trial of infusing GDNF into the lateral ventricle of patients with PD, there was no clinical improvement. 135 Nausea, anorexia, and vomiting were common hours to several days after injections of GDNF. Weight loss occurred in the majority of subjects receiving 75 mg or larger doses. Paresthesias, often described as electric shocks (Lhermitte sign), were common in GDNF-treated subjects.
One recent promising study, however, showed that infusing GDNF directly into the putamen improved motor performance in patients with PD, and that there was increased FDOPA uptake in some of the patients. 136 This was an open-label study, but the results were encouraging enough that a controlled clinical trial is now underway.
Another approach of delivering GDNF directly into the brain was successfully achieved in primates using lentoviral vectors containing the gene for producing GDNF. 137 Lenti-GDNF was injected into the striatum and SN of rhesus monkeys treated 1 week prior with MPTP. Lenti-GDNF reversed functional deficits and completely prevented nigrostriatal degeneration. Longterm gene expression (8 months) was seen in intact monkeys given this treatment.
A novel nonimmunosuppressive immunophilin ligand, GPI-1,046, (henceforth called neuroimmunophilin) was found to have trophic activity, including regenerative sprouting from spared nigrostriatal dopaminergic neurons following MPTP toxicity in mice or 6-OHDA toxicity in rats. 138 Since then, there have been reports supporting a regenerative effect by neuroimmunophilins 139 and with a proposed mechanism of increasing glutathione in brain. 140, 141 On the other hand, there have been many reports that failed to find such benefits in various animal models of PD, including primates. [142] [143] [144] [145] One controlled clinical trial testing neuroimmunophilin in patients was unsuccessful, but a larger one is now underway.
Enhancing mitochondria and energy function
Coenzyme Q 10 is the electron acceptor for mitochondrial complexes I and II and also a potent antioxidant. Complex I activity was found to be affected by MPTP, and subsequently found to be selectively decreased postmortem in SN in patients with PD. 146 Coenzyme Q 10 is reduced in the mitochondria 147 and in sera of patients with PD. 148 Oral supplementation of coenzyme Q 10 in rats resulted in increases of coenzyme Q 10 in cerebral cortex mitochondria. 149 A controlled clinical pilot trial of coenzyme Q 10 was undertaken in 80 patients with early PD. They were randomized into four equal arms and assigned 300 mg/day, 600 mg/day, 1,200 mg/day or placebo and followed up to 16 months. 150 There was a positive trend (p ϭ 0.09) for a linear relationship between the dosage and the mean change in the total UPDRS score. The highest dose group (total UPDRS change of ϩ6.69) was statistically less than the UPDRS change of ϩ11.99 for the placebo group (FIG. 6) . The change in UPDRS for the lower doses showed no significant difference from the placebo group. There was a slower decline in the change of all three components of the UPDRS scores in the 1,200 mg/day group, with the greatest effect in part II [the subjective Activities of Daily Living (ADL) component] (FIG. 7) . This raises the question of whether patients on 1,200 mg/day of coenzyme Q 10 might simply feel better rather than having an objective improvement of their motoric features of PD. After one month of treatment, there was improvement of the Part II UPDRS (ADL) score in the 1,200 mg/d group of -0.66, compared to worsening in the placebo group of ϩ0.52. This wash-in effect supports the concern that there might be a "feel good" response from coenzyme Q 10 rather than a neuroprotective effect. Also, it should be noted that those treated with the 1,200 mg/d failed to show a delay in the need for dopaminergic therapy. Of course, the study was not powered for a modest effect, and the study investigators urged caution in interpretation of the results until a larger study could be conducted and evaluated.
Creatine is a guanidine-derived compound generated in the body. The creatine/phosphocreatine system functions as an energy buffer between the cytosol and mitochondria. 151 Creatine has been proposed to serve as a neuroprotectant in neurodegeneration, and it is now being tested in a controlled clinical trial in early PD.
Counteracting inflammation
As mentioned above, gliosis and reactive microglia are seen in the SN of patients with PD, indicating an ongoing inflammatory process. Such changes have also been seen following MPTP 116 and rotenone 152 neurotoxicity. Inflammation is considered to be a secondary effect, but may play an important role in enhancing neurodegeneration by the production of cytokines and prostaglandins. Experimental animal models have shown that treatment with the antibiotic minocycline, can reduce the level of degeneration by MPTP. 152, 153 As a result of these reports, a controlled clinical trial testing minocycline is planned.
Inhibiting apoptosis
Studies on selegiline, in an effort to explain its effectiveness in the DATATOP study, have shown it to have a neuronal rescue effect independent of its MAO inhibition. 154 Ultimately this finding led to the investigation of other agents for their neurorescue effect, resulting in the discovery that propargylamines have an anti-apoptotic action, leading to at least one, a glyceraldehydes-3-phosphate dehydrogenase stabilizer, which is currently being tested in a controlled clinical trial. 155 Selegiline is a propargylamine drug, as is another drug in development, rasagiline. Another anti-apoptotic drug, CEP1347, is also being tested in a large controlled clinical trial. This drug inhibits mitogen linear kinases and has been an effective neuroprotectant in animal models of PD.
SUMMARY
The efforts to understand the precise pathway by which neurodegenerative processes proceed and the development of approaches to modulate them offers the promise to eventually enable the prevention of these diseases. So far, no medication or surgical approach has been accepted as having been proven to be neuroprotective in PD. But with so much new knowledge on pathogenesis and genetic mechanisms having been presented in the last few years, there are now new ideas on drugs that could be tested in clinical trials. As mentioned above, some of these trials are already underway. Others are in the planning stages, and still others are only being contemplated. One problem is whether there are enough early stage patients available to be enrolled into the proposed trials. Are there enough financial resources available? It would be best to have a priority of agents to be tested based on the most likely to be successful. Fortunately, the National Institute of Neurological Diseases and Stroke (NINDS) has already established an Oversight Committee to guide the Institute in this type of strategy. Enthusiasm is high; let the studies begin!
